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Abstract

A photorefractive multi-colour-pumped oscillator is described. Oscillation beams, generated by three input beams of different
wavelengths, show the effect of competition resulting in their different build-up and behaviour. A theoretical model, based on
two sets of coupled differential equations gives good agreement with experimental data.

1. Introduction

The idea of coupling between incoherent optical
beams has been extensively explored in the past few
years. Photorefractive materials are ideally suited
for such applications owing to their large nonlin-
earities and sensitivity within the whole visible and
near-infrared spectrum. A number of photorefractive
phase conjugators and oscillators have been suggested
and developed [1-10], based mainly on the four-
wave mixing process. They have great potential for
applications in optical information processing, con-
trollable light modulation and filtering, as well as for
laser locking [9-12].

Two of the most popular configurations are: the
double-phase-conjugate mirror (DPCM) and the
double-colour-pumped oscillator (DCPO). In both
of them, two new waves are simultaneously self-
generated due to the interaction of two mutually inco-
herent input beams of the same wavelength (DPCM)
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[5,9,10] or two input beams of different wavelengths
(DCPO) [1,7].

The DPCM process has been extensively studied
during the past few years. The most important results
include work on such processes as time evolution of
the phase conjugate waves [13,14], and the influence
of seeding [15]. Moreover, the shape of the phase
conjugate beams — a conical or a partial conical ring
- and its intensity distribution were investigated both
experimentally and theoretically [16,14].

So far, less work has been devoted to the more
detailed analysis of the double-colour-pumped oscil-
lation process. However, the experimental [1,7,17-
19] and theoretical [7,18] investigations provided
a good description of the threshold conditions and
power variations of the output oscillation beams.

Our work was aimed at investigating the full po-
tential of the DCPO as an oscillator cross coupling
different wavelengths. We modified its standard ar-
rangement by sending an additional, third input beam
into a crystal leading to a multi-colour-pumped oscil-
lator (MCPO). As a result, we observed two double-
colour-pumped oscillation effects, existing simultane-
ously within the same crystal and producing, in total,
four new oscillation beams. One of our objectives was
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to verify and clucidate the possibility of mutual in-
fluence or competition between the two DCPO pro-
Cesses.

Previous work on multi-wavelength interactions in
photorefractive crystals provided us with some 1m-
portant and useful background. It was demonstrated
[21] that in the achromatic DPCM, using multi-
wavelength input beams, one common grating for
all wavelengths can be formed. However, it requires
particular care in choosing both a material with suit-
able dispersion characteristics, and incidence angles.
Moreover, the existence of multi-gratings for difter-
ent pairs of the input wavelengths (via the DPCM
or DCPO effect), which are not phase matched can
causc a degradation n the diffraction efficiency
[21.22]. Multi-wavelength beam fanning [20] was
also described, where a destructive competition be-
tween gratings sct-up by different wavelengths was
overcome by the spatial separation of the incident
wavcelengths or special feedback resonators. Cooper-
ative beam fanning was also observed, 1.e. fanning
gratings coming from different wavelengths could ac-
tually support each other, again utilising the gcometry
of incidence and material dispersion.

The arrangement we propose includes cross cou-
pling between three single-frequency input beams.
The interaction can be successtfully modelled on the
basis of standard four-wave mixing theory.We have
investigated two different sct-ups. In the first one,
we choose the third input beam to be of a third, dif-
ferent wavelength. In the second one, the third beam
had the same wavelength and was cofierent with one
of the input beams. We measured the power of all
interacting beams under various experimental con-
ditions. Further, we used numerical modelling to
calculate their power to aid the interpretation of the
cxperimental results.

In the next two sections we will concentrate on the
experimental and then on the theoretical analysis of
the MCPO, discussing and comparing the behaviour
of the oscillation becams under different input beams’
regimes. In the third section, we will proceed to pre-
senting results obtained from the second arrangement.
The important similaritics and differences between
both set-ups. observed experimentally and predicted
by theory, will be described. For both arrangements
we will point out the competition effects existing be-
tween two double-colour-pumped oscillation effects,

and finally indicating novel processing capabilities.

2. Experimental study of the MCPO

The experimental arrangement for the multi-colour-
pumped oscillator is drawn schematically in Fig. 1. A
HeNe laser operating at 632.8 nm and two argon-ion
lasers operating at 514.5 nm and 488 nm provided
three input beams (labelled as 2, 4 and 5). A BaTiO,
crystal was used as the photorefractive material. The
input becams were arranged in such a way that two of
them, blue and red, were incident on the same, 5 x
6 mm face of the BaTiO5 crystal, while the third one,
the green onc, was directed on the opposite face. The
crossing angle between the input blue and the input
green was set 1o 1759, The angle between the input
blue and red beam was about 5° in order to create
long overlap regions with the green beam. All three
pump beams had horizontal {cxtraordinary) polari-
sation. The incident and the output beams, reflected
from two beam splitters, passed through lenses focus-
ing them on detecting photodiodes. Signals from all
scven photodiodes were then sent to a laboratory com-
puter. Each data point recorded was the average of
about 100 measurements taken over about a 10 s pe-
riod.

The interactions between the input blue beam and
the green beam, and between the red input beam and
the green created two gratings, which were separated
in space and had different grating vectors. As a result
we observed two DCPO effects, giving rise, in total,
to four new oscillation beams: the input blue (beam
4) and the input green (beam 2) provided the oscilla-
tion beams in green (beam 3), and in blue (beam 1);
the input red (beam 3) and the input green (beam 2)
produced the second oscillation beam in green (beam
6).and oncinred (bcam 7). The propagation paths of
the oscillation beams were determined by the crossing
angle of the two respective input beams and their dif-
ference in wavelength [7]. All four oscillation beams
emerged from different points of the crystal and there-
fore could be measured separately.

In the experiments performed we investigated the
variation of the oscillation beam power as a function
of input power. In the first experiment, the crystal was
pumped with increasing input red power, while the
mput blue and green were kept constant. In the second
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Fig. I. Experimental arrangement of multi-colour-pumped oscillator. A/2: half-wave plate; ND: variable neutral density filter.

one, the input blue power was varying, and the input
red and green were constant.

We aimed to observe and examine the mutual in-
fluence of the two DCPO effects. To determine this
effect quantitatively we carried out the experiment in
the following way. The power of each oscillation beam
was measured in two different configurations: when
only the two input beams gencrating it were present,
and when all three input beams were present. In phys-
ical terms, in the first situation only one DCPO effect
takes place, whereas in the second two DCPO cffects
occur. Experimentally, we achicved thesc two arrange-
ments by simply blocking and unblocking onc of the
input beams, either blue or red, and measuring simul-
taneously the power of all beams.

The results we obtained in our experiment indi-
cated that the presence of the additional, third input
beam may have an impact on the oscillation beams
behaviour. The oscillation beams generated due to the
red-green DCPO interaction, i.e. /; and [, decreased
in power in the presence of the third, blue beam. How-
ever, the oscillation bcams coming from the blue-
green DCPO coupling, i.e. | and /3 were not affected
by the additional input red beam. These “competi-
tion” effects will now be analysed theorctically, with
the aim being to provide a better understanding of

the interactions occurring. We will model this multi-
colour phenomenon numerically and the next section
is devoted to the cxplanation of the model we used.

3. Numerical modelling

Fig. 2 presents the geometry of the wave mixing
responsible for the multi-colour pumped oscillations.
The two DCPO phenomena were produced in two re-
gions inside the crystal. The grating induced in each
region is responsible for diffracting only the two re-
spective input beams into the two oscillation beams.
and there is no direct coupling between waves gener-
ated due to each of the interactions. As we discussed
in the preceding section, input beams /[, (green) and
1, (blue) producc oscillation beams I, (blue) and /5
(green). The depleted /> emerging from this interac-
tion is then coupled to the input beam /s (red) yield-
ing oscillation beams /; (red) and /, (green). In this
way both oscillation beams produced by the red-green
DCPO interaction are affected; i.e. the stronger is the
green pump depletion with increasing input blue, the
weaker I, and /; become. On the other hand, the in-
teraction between the input red and green cannot pos-
sibly have an effect on the blue—green DCPO process,
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Fig. 2. Schematic diagram of interacting waves in the multi-colour-pumped oscillator.

because according to our model the red beam does not cos - ddc _ L"’(ﬁ;l,;;i,‘, 4 AN A Ay + 5K g

contribute to that process. Such a geometry of inter- - ly

actions was chosen in accordance to the preliminary

experimental results described in the previous section, dy Yo . o
The development of oscillation beams in such a con- cos Uy = T L (Cdpdy + i) A - 5 1a.

figuration can be modelled by combining two simi- (4)

lar sets of four coupled differential equations: each

set describing a single DCPO effect. They can be de- where

rived by the slowly-varying-envelope-approximation, 5 ., R )

discussed in detail in our earlier work [18]. In this fo = [A4a4" + [el” + S{Ap]7 + (407}, (5)

first attempt to model the MCPO we shall, for sim-

plicity, restrict ourselves to a one-dimensional theory. e = Se/Sk, (6)

The two input beams of two different wavelengths ~

A and ;. are labelled as 4(Ay) and B(i,), and the

two output oscillation beams are labelled as (' (4,),

and D(Js). The resulting differential cquations take

is the ratio of photoexcitation rates for the two inci-
dent wavelengths.

«e¢ and vy are the absorption cocefficients for 4, and
Ay, respectively. 9, are the angles between output beam

f : , ) :
the form £ and the ¢ axis. 3, and yy, the coupling coefficients for
each wavelength arc defined as follows,
dAp Vo . . . 1%
cosUp — = (CApAp + AYA ) Ay —71'1& 1 o
d: 1y < w %Zz Eﬂi(/{,n)ﬂb(/t,,,) Lol
(l ) e /lm 2 [3'() -+ ]ll' )
for m =k, r. (7)
dd4, Yk B . (g
cos U, - = (EARLA A AN A + = A4, . . e . .
Y dz Iy sAnds + Aade)ld 2 L1 and I are the diffusion field and the maximum

(2) ficld for a grating of spatial frequency K. ryy is the
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effective electro-optic coefficient which can be calcu-
lated from the following expression [2],

) Ui + 9,
Fett = — — 5

4 :
—3 S HgFi3 cos D cos v,
3 o) .
Hell 2

8+,
2

> + ntsin ), sin U, razl.
(8)

where 1, and #e are (ordinary and cxtraordinary)
refractive indices, the clectro-optic coefficients r3,
f42, and ry3 are all wavelength dependent. The angles
9, and ¥, are between the propagation directions of
beams 7 and j (which form a grating) and the crystal ¢
axis. From the relations given above one can find that:

2.2 2
+ 2rapngng Cos

¢
Y = Uk s, (9)
sk

34 .

1y (Ag) Fer (A)
Uyy = — 10
TR (o

Our model included two sects of these four coupled
differential equations, cach adapted appropriately ac-
cording to the wavelengths and angles used. Thus, in
the first sct of equations we adjusted the notation for
the input blue-green DCPO interaction, i.e. we put
A = Ay = 5145 nmand A4, = 4, = 488 nm. Am-
plitude subscripts .4-D were replaced by the labels of
waves 1-4 introduced earlicr: 4 by 2, B by 4, C by 3.
and D by 1. The second set corresponded to the other,
red—green DCPO effect. Hence, the two wavelengths
considered here werc: the same input green (g =
Jg = 514.5nm), and the input red (4s = Ar = 632.8
nm). Subscripts of amplitudes were also changed ap-
propriately. i.e. .1, B, C, D by the labels of waves intro-
duced earlicr (Fig. 2): 7,2, 6, 5. A numerical program
was used to solve this two-point boundary-value prob-
lem using Newton iteration in a shooting and match-
ing method. We applied the following boundary con-
ditions: 4,(0) = A3(Ly) = 0 with given input val-
ues of A4 (0) and A, (Ly) (for the blue-green DCPO).
where L, is the length of the region where the blue and
green beams interact. For the red-green interaction
we shall rescale our coordinate system, which will now
range from 0 to L, (L. is the length of the red-green
interaction region), and the boundary conditions are
47(0) = A,(L;) = 0. The input red beam has an am-
plitude 15(0). and the input amplitude of the grecn

0.3

0.1

0.0- -
0.0 0.2 0.4 0.6 0.8 1.0
input power of 15 [mW]

Fig. 3. Observed and calculated power of the green oscilla-
tion beam I, as a function of input red power /5. [» = 0.44
mW. (%) and solid curve: input blue, Iy = 0.4 mW is
switched on: (4 ) and solid thick curve: input bluc switched
off.

beam, 4> (L,) is determined by the first set of differ-
ential equations, i.e. it is cqual to the output value of
the green beam after interaction with the blue input
beam. All necessary parameters were evaluated on the
basis of the previously determined values. 3, Ly, and
Upg, and L, and uq were used as fitting parameters,
varied within the range of the experimental error. The
best fit was achicved for their values being approxi-
mately within [5% (ppLp), 4% (i1ng). 18% (v L), 3%
(i) of the valucs calculated from the material pa-
rameters and the angles.

The numerical curves presented here have therefore
the following parameters: poLy = 2.5, 7ly = 2.4,
Gop = 1.2, 0 = 0.4dem ™' g = 0.34em ™" e Le =
2.0, pyle = 2.6, &y = 0.8, ¢y = 0.25 em™', ay =
0.34cm™ "

Figs. 3 and 4 show the mutual influence between
the two DCPO effects, observed experimentally and
calculated theoretically. As was discussed carlier, the
oscillation beams generated in the red-green DCPO
interaction, i.e. beams I, and /5 depend on the power
of the blue input beam. Fig. 3 presents the power in the
green oscillation beam /g in the presence and absence
of the blue input beam. while the green input power
was kept constant. The numecrical curves predict quite
well the magnitude of change in power, but their shape
is slightly different, i.c. they saturate quicker than was
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Fig. 5. Power of the blue oscillation beam /; variations for
increasing input blue. (x): red input /5 switched off; (x):
red input /5 switched on. Solid line: theoretical fit.

actually measured in the experiment. In Fig. 4 we can
see the influence of increasing input blue pump on
the red oscillation beam /7, while both the green and
red input powers were kept constant. Both theory and
experiment predict a decline in its power. The other
oscillation beam coming from the red-green DCPO
interaction, /¢, has also been measured and found to
vary with blue input in a similar manner.

The power of the blue oscillation beam (/) as a

function of the bluc input beam power (/;) is shown
in Fig. 5, where the solid line represents the theoretical
fit. As mentioned before the blue oscillation beam can-
not be affected by the red input beam. The experimen-
tal results show a very slight dependence on the input
red, but it is within the experimental error. Similarly,
we can show that increasing input red power does not
affect I and I5. Their value remained constant, within
5%, even for relatively strong input red, i.c. 1| mW.
Theoretical values of 7, and I; agree quite well with
the experimentally determined values, within about
10%. The comparison presented here and the reason-
able agreement between theory and experiment ob-
tained can serve as a basis for different possible ar-
rangements of multi-colour cross coupling. The the-
oretical model used, assuming only one-dimensional
transmission gratings in (wo separate regions inside
the crystal, is very simple indeed. It is worth adding
that our theory predicts that if all seven waves share
the same interaction region, the oscillation beams will
cxhibit a totally different behaviour. There would be
a very limited range of possible input powers which
would allow for four beams to co-exist at the same
time, in contrast with our experimental results.

4. Double DCPO phenomenon using an additional
probe beam

The experimental arrangement for this type of
three-input pumped osciilator is the same as the one
presented in Fig. 1, but the red input beam being re-
placed by another blue beam, to which we refer as the
probe beam. A part of the original input blue beam
was split and sent towards the crystal as the blue probe
beam. Its angle of incidence was approximately equal
to that of the input red beam in the previous MCPO.

In this set-up we also observed two DCPO effects
giving rise o four oscillation beams — two in green and
two in blue. The input blue pump beam (labelled as
4) and the input green (beam 2) generated the oscilla-
tion beams in green (beam 3), and in blue (bcam 1).
The input blue probe (beam 5) and the input green
(bcam 2) produced another pair of oscillation beams
in green (beam 6) and in blue (beam 7). For this con-
figuration of interacting waves we observed, that the
power of both oscillation beams originating from the
bluc—green region, /, and I3, was affected by the inci-
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dent blue probe.

We wish to emphasize that the direction of propa-
gation of the beam 7. duc to its change in wavelength
from red (as was indicated in the diagram) to blue,
changed. Beam 7 is less deflected from the green in-
put 2 path than it was in the case of the MCPO. We
can actually predict that beam 7 will encounter both
the input blue pump 4 and the oscillation beam 1 in
the first, blue pump-green DCPO interaction region.
These three blue waves are coherent, and evidently
their mutual coupling can perturb the DCPO effect.
Accordingly we modified the differential equations for
waves 4, 1 and 7 by introducing coupling between Iy
and /5. and between 7, and [ with the aid of the coef-
ficients ;47 and yy7. The resulting, new equations for
the amplitudes of these three waves will now look as
follows,

A. Mo e g .
costy Aty = A A+ A
d- 1y
: ~)74“7-§‘f17,,f1:,»14 - % Aa, (11)
d/'\ b, - "
< = = 2(EA AL+ 5
cos e 7. (EA AT + 154300,
717 * (th -
AR ) (12)

dA P . . .
cos ¥ ‘557’ - )T(: (Edg4; + A5 Ay

ST I T BN ALA N EOF BV (13)
i >

where 1 1s now

o = b2 4 L2+ S04 + L0+ 6D (14)

and j-5 is the coupling cocfficient between the blue
probe and the input green. as defined in Eq. (9).

This modification introduced in the equations of
our numerical program enabled us to determince the
power of the oscillation beams under the new condi-
tions, and to compare them with the experimental re-
sults.

Since the oscillation beams 1 and 7, which were
now both in blue, propagated so close to cach other,
they could not be separated 1o be measured indepen-
dently. We will therefore concentrate here on a more
detailed analysis of the green oscillation beams. The
experimental data may be scen in Fig. 6 and Fig. 7.
We increased the input green power and measured the

0.4

0.35- ‘o

03 +
£025 E a7
: ,,/( A/
g2 e
5 yd A/
$015- A A
o ts -
a / o

0.1 Ao

) A,/
0.05 /,/
£y%
0.0 B e o e
0.0 0.2 0.4 0.6 08

input power of 12 [mW]
Fig. 6. Experimental and theoretical dependence of the
power of the green oscillation beam /3 on the input green
power I,. (- ): input blue probe switched off, (A): input
blue probe (/s = 0.3 mW) switched on. Solid curves rep-
resent theoretical fits. 7y = 0.5 mW,

0.4

0.3+

[mw]

.25+
0.2 1

0.154

Power of IE

0.1+

0.054

0.0
00 01 02 03 04 05 06 07
Input power of 12 [mwW]
Fig. 7. Power of the green oscillation beam [ as a function
of increasing input green power /> with the input blue pump,
I, = 0.5 mW present (=) and absent (o). [5 = 0.3 mW.

power of the two green oscillation beams, I and 1.
For the calculation of the theoretical curves we have
used the same parameters as in Sect. 3 for interac-
tions in the first region. Parameters for the new blue
probe-green DCPO interaction, and the two coherent
two-beam couplings (/4 with /5, and I, with [} were
taken as: ]‘251425 = 2.3, ]'47L35 = 2.0, }'17L25 = 0.03.
Los is the interaction length of the input green and the
blue probe coupling. 725 was used as a fitting param-

cter and has been found to be within the same 15%
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from the calculated value, similarly like 5y,

The oscillation beam /5 (Fig. 6) showed sensitivity
to the presence of the tnput probe - 1ts power declined
when the input probe was incident. The correspond-
ing theoretical curves are shown as solid lines. The
agreement may be seen to be good. The other oscilla-
tion beam in green, . as m the case of the MCOPO,
decreased in power when the imput blue pump was
switched on (Fig. 7). The numerical solutions ob-
tained, plotted as solid lines. show the same tendency
as the experimental data. but the agreement s less
good than for the other oscillation beam (13).

In Fig. 8 we plot the power of the oscillation beam in
green, [y, as a function of the input blue probe power.
As can be seen, both theory and experimient show a
decrease i the /3 power in the presence of the in-
put blue probe. However, agreement between theory
and experiment 1s only qualitative. We have probably
reached the imttations of the one-dimenstonal theory
and for a better agreement, we believe, one should at-
tempt the two-dunensional approach [23 247,

The analysis presented in thas section explicitly in-
dicates the destructive itluence of the coherent cou-
pling, competing with the DOPO effect. This eftect
can be n fact expected from previous work [20.221)
where the mutual washing-out of muluple-gratings
was observed.

5. Conclusions

We have carried out a detatled study of interactions
between waves of difterent wavelengths i a photore-
fractive material. Two different arrangements have
been described. In the first one, multi-colour-pumped
oscillator, three ditferent wavelengths were used as
three input beams In the sceond one. two coherent
blue beams were sent on the same side of a photore-
tracuve erystal, and one green beam was incident on
its opposite face. We have modelled mathematically
both types of interacuons with the aid of two inter-
action regions, cach of them represented by a set of
four coupled difterential equations. In experinents.
the power in all four oscilfation beams was measared,
and then compared with the theoretical predictions.
Good agreement between theory and eaperiment has
been tound. On the basts ot this comparison. 1t has
been shown that the oscillation beams compete tor the
avatlable mput power. The mulu-colour-pumped os-
cillation offers a potentially new apphication in unage
colour conversion. Stace 1t is based o the interaction
of pump waves of two different colours with the same
third wave, the mrage from thos third signal wave can,
in principle, be transterved sunultancously into the
two difterent pump wavelengths, Flenee, if the sigoal
wave has a wavelength m the visible regron, and the
two pump waves have difterent wavelengths, one in
the visible and thie other i the near-infrared region,
1t would be possible 1o arrange an nmage conversion
to both ifrared and visible wavelengths at the same
tine.
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